The AAFE waveforms show evidence of varying degrees of both surface and volume scattering from different regions of the Greenland ice sheeL The AOL laser altimeter, however, obtains a return only from the surface of the ice sheet. Retracking altimeter waveforms with a surface scattering model results in a good correlation with the laser measurements in the wet and dry-snow zones, but in the percolation region of the ice sheet, the deviation between the two data sets is large due to the effects of subsurface and volume scattering. The Martin eta/. model results in a lower bias than the surface scattering model, but still shows an increase in the noise level in the percolation zone. Using an Offset Center of Gravity algorithm to retrack altimeter waveforms results in measurements that are only slightly affected by subsurface and volume scattering and, despite a higher bias, this algorithm works well in all regions of the ice sheet. A cubic spline provides retracked altitudes that agree with AOL mensurt_ents over all regions of Greenland.
This method is not sensitive to changes in the scattering mechanisms of the ice sheet and it has the lowest noise level and bias of all the retracking methods presented. P-3 aircraft. Positional information provided by three militarycode Global Positioning System (GPS) receivers aboard the NASA P-3 was used to control the autopilot of the aircraft. All the remote sensing radar and laser instruments provided information about the aircraft altitude above the ice sheet.
The GPS receivers, on the other hand, calculated the aircraft altitude above the ellipsoid, which is a reference around the surface of the earth. The difference between these two measurements is the actual ice sheet altitude above the ellipsoid.
1]. INSTRUMENT PERFORMANCE
The Greenland ice sheet is divided into zones according to diagenetic facies, or physical and chemical characteristics, which were identified by Benson in 1962 [2] . The most common zones or stratigraphic regions are the ablation, soaked, percolation and dry-snow zones. In the ablation zone, which is usually near the edge of the ice sheet, the entire snowfall from the previous year is ablated or lost during the summer months. Similarly, in the soaked zone all the snow deposited over the previous year is raised to the melting point during the summer months, but it is not necessarily ablated. In this paper, the ablation and soaked regions will be referred to as the wetsnow zone. The percolation zone lies in the higher altitudes of the ice sheets, where there is less summer melting. Here the melt water percolates down through the upper layers of the ice sheet and freezes into ice layers, ice pipes and ice lenses. Finally, in the dry-snow zone melting never occurs. As these waveforms show, the different surface and subsurface scattering properties in each of the diagenetic zones affects the AAFE return waveform. Since many retracking algorithms use the entire waveform to determine the instrument altitude, it is important to know which algorithms will be affected by the changing waveform shape over the different zones and which ones will produce poor altitude results due to subsurface and volume scattering. A good retracking algorithm will provide accurate results despite the changing radar altimeter waveform shape.
By comparing AAFE altitude results with independent ground truth measurements, the system biases and noise levels of the instrument have been determined.
In the 1991 Greenland experiment, a ground survey was conducted on the SondrestrOm runway with a GPS receiver mounted on a truck. Since the mack. could move slowly down the runway, each GPS three dimensional measurement was averaged for several seconds. Comparisons to traditional survey results and between data sets on different days, reveal that these runway ground truth data have a maximum bias of 1 cm and a maximum noise level of 3 cm.
Each radar return waveform from the smooth runway surface represents the flat-surface response of the instrument. Since scattering from a flat surface is well understood, the resulting retracked AAFE runway measurements are extremely accurate and can be used to remove overall system biases.
When the aircraft flew over the runway, the AAFE altimeter was able to take one hundred and fifty altitude measurements spaced approximately ten meters apart. The GPS ground math data set has many more samples, therefore all the ground-based measurements that fall within a single pulse-limited footprint of the altimeter are averaged together before being compared to the retracked AAFE altitude. Fig. 4 them. The plot of the AAFE altitude minus the _ound GPS altitude in Fig. 4(b is calculated by assuming a transmitted impulse and using the radar range equation
where the gain of the radar antenna is approximated as
[6]. The backscatter coefficient for the surface is
a°(0)-s2 cos4 [7] where F(0°) is the power reflection coefficient at nadir and 8 is the rms surface slope. For small incidence angles, it can be approximated by
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Convolving
P/s(t)
with a Gaussian height distribution of scatterers with a standard deviation of ah leads to a rough surface impulse response of (*, P,,(r) = H3s 2C0 e(tp/:,)2e_(2r/,,) erfc _s -
where and erfc is the complementary error function [5] , [6] . The total rough surface system response is then calculated by convolving the rough surface impulse response with the system point target response, which can be approximated as a Gaussian pulse with a 3 dB width of rp and a standard deviation of <rp = .425 rp [5] . The result is the same as (5), except t_, is now defined as
To cletermine the range m the surface, H, AAFE return waveforms are fit using the least-mean-squared error (LMSE) method [8] , [9] to a nonlinear five-parameter model, which is (5) plus a parameter, a, representing the noise floor of the waveform, or
The five parameters in this model are H, ah, s, Co and a. Wansi_ons of the diagenetic zones of the Greenland ice sheet according to [2]. The break in the data at 70.54, 314.00 is due to missing AOL data caused by the laser losing lock on ice fog above the surface of the ice sheet. Since the ice sheet altitude changes from 1200 meters to over 3000 meters over the flight line, the scale makes it impossible to distinguish between the two sets of measurements. Fig. 6(a) shows the difference between the AAFE and AOL altitudes over the 'section and also displays the average difference and standard deviation, which are -28 and 30 cm respectively. The spikes on the left side of the difference plot are the result of large instrumental mispointing angles due to aircraft maneuvering. In general, the two data sets agree well in the wet-snow and dry-snow zones, but deviate significantly in the percolation zone. This 'increase in the percolation zone is due to the effects of volume scattering from the subsurface ice layers, pipes and lenses. Waveforms 3 and 4 in Fig. 2 were obtained in the percolation zone and illustrate the contribution of these subsurface ice features, such as the secondary peaks and a trailing edge that is non-exponential. Combined surface and volume scattering models are often used for measuring geophysical parameters of the ice sheet as described in [3], [I0] and they work well in the wet and dry-snow zones. The percolation zone, however, is difficult to model and the density and distribution of the ice features in this region varies significantly. Therefore, retracking by fitting to the surface scattering model described above or to a combined surface and volume scattering model is not recommended for altimeter returns from the percolation
ZOne.
Another method of retracking is to fit the waveforms to a five parameter continental ice sheet retracking algorithm developed in [11] . This model is a modification to Brown's surface scattering model. Instead of an exponential trailing edge this model has a linear trailing edge and is defined as
where Q(r) and P(z) are {0r r<_a +0.584
;
[12]. In this model, _3z is the noise floor parameter, 82
represents the amplitude,/33 is the range or height to the mean surface, 84 is the waveform rise time and 8s is the slope of the trailing edge. Reference [11] also defines a model for double ramped waveforms, which are often found in SEASAT altimeter returns, but this will not be presented here because double ramps are not-found in the AAFE airborne altimeter wave forms. Fig. 6(b) shows the difference between AAFE altitudes retracked with the Martin model and the corresponding AOL altitude measurements. The average difference between the two data sets is -18 cm and the standard deviation is 26
cm. This is the same flight line shown in Fig. 5 and it appears that the surface scattering and Martin models produce similar results in the wet-snow and dry-snow regions. In the percolation zone, however, the noise of the Martin model is reduced, but there is still an increase in the difference level showing that this retracking algorithm is sensitive to subsurface and volume scattering.
The third retracker is the Offset Center of Gravity (OCOG) algorithm, which is a tracking method developed by the Mullard Space Science Laboratory that uses an estimate of the pulse width to track the return waveform. The width of the pulse, W, is approximated using
where k is the total number of range bins and p,_ is the power in range bin n. Since the waveform is stored as an array, p,_ is the value of the nth element of the array. For example, a pulse defined as
The OCOG tracker then calculates the center of area of the pulse as
[13] and uses the result as the track bin. The difference between the AAFE altitude measurements retracked with the OCOG algorithm and the corresponding AOL altitude measurements are shown in Fig. 6(c) . This comparison yields a -50 cm average bias and a noise level of 32 cm. Although, this is higher than the surface scattering or Martin models, the noise level across the flight line only increases slightly in the percolation zone. This means that the OCOG relracking algorithm is not as sensitive to the change in altimeter waveform shape due to the different zones and therefore is a good method of retracking over all sections of the Greenland ice sheet.
Another method of retracking is to use a cubic spline [9] to find the point on the waveform that corresponds to the mean surface. This mathematical algorithm interpolates between the sampled data and returns a curve that passes through all points.
The object of the cubic spline interpolation is to produce a function that is continuous in both the first and second derivative [14] . Since this algorithm is well documented [9] , [14] and beam-limited footprint radii of greater than 875 m and 22 kin, respectively. As a result, SEASAT returns from the same rough surface will create waveforms that are more than 100 range bins wide. The range bin size of both systems is equivalent due to the similar pulse widths, but this significant difference in the waveform width or length of the trailing edge makes the two returns appear very different.
Another cause for the differences between the airborne and satellite waveform shapes is the effects of RMS surface slope, s, on the altimeter waveform. Fig. 7(a) shows the effects of varying s on the A.AFE return waveform for a constant altitude of 400 meters. Once the RMS surface slope approaches the same order of magnitude as the AAFE beamwidth, the waveform achieves its maximum width or the return is a full waveform. RMS surface slope values on the order of 15.6°, however, are very unlikely and therefore surface scattering alone can not produce a full waveform for the AAFE altimeter.
As Fig. 7(b) shows, the SEASAT returns approach a maximum width or a full waveform when the RMS surface slope exceeds 1.6% Since the RMS surface slope on the Greenland ice sheet is usually less than a few degrees, the effects of volume scattering on the trailing edge of the AAFE waveform are easy to see. The SEASAT satellite altimeter returns, on the other hand, are typically full waveforms and the effects of volume scattering on the trailing edge are less evident. Despite these differences in the airborne and satellite waveforms, the information provided by comparing the airt_rne AAFE results with the AOL measurements allows ice sheet retracking methods to be analyzed and new retrackiag methods to be developed. In order to simulate satellite return waveforms during future missions over the Greenland ice sheet, a smaller beamwidth antenna will be used and the aircraft will fly some flight lines at much higher altitudes to keep the instrument operating in the pulse-limited mode. These comparisons will allow an even better understanding and assessment of retracking meth.ods used for satellite radar altimetry over the Greenland ice sheet.
